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Abstract 

Many  solid  oxide  fuel  cell  (  SOFC)  developers  use  composite  electrodes.  The  cathode  is  often  a  mixture  of  La(Sr)Mn03andyttria stabilised 
zirconia  ( YSZ).  Two  kinds  of  cathode  structure  were  studied  by  means  of  impedance  spectroscopy  and  d.c.  electrochemical  methods.  The 
measurements  were  performed  in  air  at  700-1000  °C.  Then,  the  electrode  microstructures  were  examined  ccramographically.  The  cathode 
performance  was  improved  by  increasing  the  thickness  of  the  composite  electrode,  and  the  polarisation  resistance  was  decreased  by  extending 
the  active  triple  phase  boundary  line  through  the  application  of  a  coarse  layer  of  YSZ  particles  on  the  electrolyte  surface  before  the  composite 
cathode  was  applied.  The  performance  proved  to  be  sensitive  to  structural  changes  at  700  and  850  °C,  whereas  the  effect  of  the  structure  was 
limited  at  1000  °C.  Values  as  low  as  0.07  ft  cm2  at  1000  °C  and  0.50  ft  cm2  at  850  DC  were  obtained  in  air  at  an  overvoltage  of  -50  mV. 
Two  simple  models  relating  performance,  percolation  and  triple  phase  boundary  length  were  used  for  the  interpretation  of  the  results  and  for 
assessing  the  potential  for  further  improvement  of  the  performance  by  optimising  the  microstructure. 
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1.  Introduction 

The  structure  of  the  porous  electrodes  is  critical  for  the 
performance  of  a  solid  oxide  fuel  cell  (SOFC).  The  tradi¬ 
tional  materials  used  in  SOFCs  are  strontium-doped  lantha¬ 
num  manganite  (LSM)  as  the  cathode,  yttria  stabilised 
zirconia  (YSZ)  as  the  electrolyte  and  a  NiO/ YSZ  composite 
as  the  anode.  The  present  work  investigates  the  correlation 
between  the  structure  and  the  performance  of  a  composite 
SOFC  cathode  consisting  of  LSM  and  YSZ. 

In  an  SOFC  the  reaction  at  the  air  electrode  is  the  following 
( Kroger  Vink  notation  used  Ref.  [  l  ] ): 

£)  ^ekxuuilt:  ^^O.clccimlytc  c(cvln>|y,u  (  1  ) 

where  e'  is  an  electron  from  the  electrode.  V0‘  and  OfQ  sym¬ 
bolise  an  oxide  ion  vacancy  and  an  oxide  ion  in  the  crystal 
lattice  of  the  electrolyte,  respectively.  This  reaction  requires 
the  presence  of  oxygen  and  electrons  as  well  as  the  possibility 
for  created  oxide  ions  to  be  transported  from  the  reaction  site 
into  the  bulk  of  the  electrolyte.  As  both  the  ionic  conductivity 
of  LSM  and  the  electronic  conductivity  of  YSZ  are  low,  these 
criteria  are  only  fulfilled  in  the  vicinity  of  the  triple  phase 
boundary  (TPB)  between  the  electrode,  electrolyte  and  air. 
However,  the  TPB  is  only  electrochemically  active  if  elec¬ 
trons,  oxide  ions  and  gas  can  percolate  freely  through  LSM, 
YSZ  and  pores,  respectively,  to  and  from  the  TPB.  Since  the 
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microstructure  determines  the  ex  tent  of  active  TPB,  the  reac¬ 
tion  rate  depends  on  the  microstructure  [2-8] . 

Several  authors  have  studied  lanthanum  manganite  elec¬ 
trodes  12-6].  Mizusaki  and  co- workers  [2,3]  have  investi¬ 
gated  Lao  fiCao  4MnOs  electrodes  painted  on  a  YSZ  substrate. 
Using  rather  coarse  particles  ( 1-3  p.m)  the  reaction  rate  was 
essentially  independent  of  the  electrode  thickness  and  was 
proportional  to  the  TPB  length  [2].  This  implies  a  close 
relationship  between  the  electrode  morphology  and  its  per¬ 
formance  [3]. 

The  correlation  between  structure  and  performance  for  a 
Lao  85Sr0 ,  5Mn03  cathode  screen  printed  on  YSZ  was  studied 
at  800  °C  by  Sasaki  et  al.  [4] .  They  found  that  the  perform¬ 
ance  correlated  with  the  length  of  TPB  and  the  electrode 
thickness.  At  800  °C  a  minimum  in  area  specific  polarisation 
resistance,  Rp>  was  found  for  a  cathode  thickness  of  25  p.m. 
Electrodes  manufactured  from  LSM  with  a  narrow  particle 
size  distribution  ( PSD)  had  a  low  Rp  compared  with  elec¬ 
trodes  manufactured  from  powder  with  a  wide  PSD.  A  similar 
effect  was  observed  by  van  Heuveln  et  al.  [5]  with 
La()85Sr<H5Mn03  electrodes  on  YSZ  in  oxygen  at  920  °C. 
Additionally,  van  Heuveln  et  al.  observed  that  powder  with 
a  narrow  PSD,  calcined  at  high  temperature  before  electrode 
manufacture,  had  an  Rp  which  exceeded  the  value  for  an 
electrode  with  a  wide  PSD. 

In  contrast,  de  Haart  et  al.  [6]  found  that  the  polarisation 
behaviour  of  an  Lao.ssSr,,  |3Mn03  electrode  produced  by  a 


174 


M.  Juhl  et  al.  /  Journal  of  Power  Sources  61  ( 1996)  I 73-/ 8 1 


dip  coat  process  was  not  significantly  dependent  on  the  elec¬ 
trode  microstructure  and  thickness.  This,  in  relation  with 
Refs.  [2-5],  indicates  that  the  electrode  performance  is 
closely  related  to  the  techniques  used  for  powder  processing 
and  electrode  manufacturing. 

Using  composite  electrodes  made  from  a  mixture  of  elec¬ 
tronic  and  ionic  conductive  materials,  as  in  the  present  work, 
tends  to  complicate  things.  Kenjo  and  Nishiya  [7]  investi¬ 
gated  composite  electrodes  of  YSZ  and  LaJMn03  with  var¬ 
ying  weight  ratios  of  the  two  components.  The  electrodes 
were  manufactured  by  painting  a  turpentine-based  slurry  on 
an  electrolyte  disk  and  iso-stalically  pressing  the  green  elec¬ 
trode.  The  polarisation  behaviour  was  measured  at  900  °C  in 
air.  The  authors  found  that  additional  reaction  sites  were 
created  inside  the  composite  electrodes.  The  addition  of  50 
wt.%  YSZ  to  an  Lay  K5Mn03  electrode  decreased  the  Rp  from 
0.77  to  0.16  ft  cm2.  Electrodes  containing  a  1:2  ratio  of 
Lao  85MTi03  and  YSZ  exhibited  a  decreasing  Rp  as  the  elec¬ 
trode  thickness  was  increased. 

0sterg&rdelal.  [8]  investigated  composite  electrodes  con¬ 
sisting  of  LSM  and  YSZ  at  1000  °C  in  air.  The  electrodes 
were  manufactured  by  a  spray -coating  technique  also  used  in 
the  present  work.  With  an  (La^Sr,,  ,5)n9Mn03  (nominal 
composition)  electrode  an  improvement  of  the  Rp  from  2.7 
to  0.65  12  cm2  was  found  by  the  addition  of  20  wt.%  fine¬ 
grained  YSZ.  0stergard  et  al.  found  the  structure  of  the  com¬ 
posite  electrode  to  be  of  major  importance  with  respect  to 
performance.  Composite  electrodes  made  with  a  mixture  of 
fine  and  coarse  LSM  had  a  lower  resistance  than  these  elec¬ 
trodes  containing  either  fine  or  coarse  LSM  powder.  The  best 
result  in  this  work,  Rp= 0.5  ft  cm\  was  obtained  with  a 
composite  electrode  containing  40  wt.%  YSZ. 


2.  Experimental 


The  composite  electrodes  investigated  in  the  present  work 
consist  of  two  layers;  (i)  the  electrochemical  active  cathode 
layer  (C-Iayer),  and  (ii)  the  cathode  current  collecting  layer 
(CCC-layer).  The  C-layer  which  is  applied  directly  on  the 
electrolyte  surface  is  a  composite  of  LSM  and  YSZ.  The 
th'ckness  of  this  layer  is  in  the  range  of  2  to  1 2  pm.  To  ensure 
that  current  is  collected  from  the  whole  electrode  area  a 
porous  CCC-layer  of  LSM,  approximately  40  pm  thick,  is 
attached  to  the  C-layer.  In  principle,  the  CCC-layer  is  elec- 
trochemically  inactive.  However,  since  the  CCC-layer  covers 
the  surface  and  fills  voids  and  cracks  in  the  C-layer,  thus 
contacting  a  number  of  YSZ  grains,  some  contribution  to  the 
TPB  is  expected.  The  application  method  used  is  spray-coat¬ 
ing,  a  simple  method  with  a  large  scale-up  potential. 

The  composition  o»  the  LSM  used  for  the  C-layer  and  the 
CCC-layer  is  (La^sSro^sJo.yMnOj  (nominal  composition). 
The  lanthanum  deficiency  is  believed  to  minimise  the  for¬ 
mation  of  zirconates  at  the  interface  between  the  electrode 
and  electrolyte  [7,9] .  The  chosen  level  of  strontium  doping 


suppresses  the  formation  of  lanthanium  and  strontium  zir¬ 
conates  at  this  interface  [  10] . 

The  present  work  comprises  two  series  of  samples.  The 
effect  of  the  C-layer  thickness  was  investigated  in  series  t. 
In  series  2  the  effect  of  altering  the  microstructure  of  the  C- 
layer  by  applying  a  layer  of  YSZ  particles  (P-layer)  on  the 
electrolyte  surface  was  studied.  The  mirpose  of  this  layer  was 
to  obtain  a  more  open  structure  of  the  C-layer,  to  improve  the 
distribution  of  YSZ  in  the  C-layer  and  to  expand  the  YSZ 
surface  area. 

One  aim  of  the  SOFC  research  is  to  lower  the  operation 
temperature;  the  electrode  performance  was  therefore  inves¬ 
tigated  over  a  wide  temperature  range. 

2.  /.  Preparation  of  powder  and  samples 

The  LSM  powder  was  produced  by  the  glycine  nitrate 
process  [11].  After  drip  pyrolysis  in  a  rotating  furnace  [12] 
the  powder  was  heat-treated  at  600  °C  for  2  h  in  order  to 
remove  any  remaining  organic  compounds. 

Iso-statically  pressed  pellets  of  Tosoh  TZ8Y  (Zr02  with  8 
mol%  Y203)  were  sintered  at  1450  °C  to  a  density  above 
99%  of  the  theoretical  value  and  used  as  the  electrolyte.  The 
shape  of  the  electrolyte  pellet  is  shown  in  Fig.  1 .  The  area  of 
the  electrode  to  be  investigated,  the  working  electrode,  was 
approximately  0.42  cm2.  The  counter  electrode  (Fig.  1 )  con¬ 
sisted  of  platinum  paste  applied  by  painting,  whereas  ihe 
reference  electrode  was  a  platinum  bead. 

The  working  electrode  was  spray-coated  onto  the  electro¬ 
lyte  as  an  ethanol-based  slurry  with  a  low  viscosity.  The  slurry 
was  produced  by  ball  milling  powder,  solvent  and  dispersant. 
After  spraying  the  C-layer  the  samples  were  sintered  at  1 300 
°C  for  2  h.  Thereafter,  two  CCC-layers  were  applied  by  a 
similar  process.  Each  layer  was  sintered  at  1300  °C  for  2  h. 


Weight  load 

Platinum  wires 
Working  electrode 
Reference  electrode 

. 

Electrolyte  pellet 


Counter  electrode 
Alumina  support 


Fig.  I .  Schematic  of  the  electrochemical  cell  setup. 
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Table  1 

Description  of  C-layer  composition  for  series  l  and  2 


Series  Sample 

C-layer  composition 

Remarks 

1  K313-K318 

2  K310-K31 1 

K319-K320 

50  wt.%  (Lao,75Sro,25)o.9MnOj.  mixture  ( 1:1 )  of  uncalcined  powder  and  powder  calcined  at 

1 300  °C  for  2  h;  50  wt.%  uncalcined  T73Y 

P-layer  (YSZ  particles  with  an  average  diameter  of  23  p.m)  followed  by  C-layer  containing 

50  wt.%  uncalcined  (Lao.75Sro.25)o.9Mn03  and  50  wt.%  uncalcined  TZ3Y 

50  wt.%  uncaltinedfLaoTsSroulo^MnOj  and  50  wt.%  uncalcined  TZ3Y 

P-layer  and  C-tayer  co-sintered 

As  K310-K31 1,  but  no  P-layer 

In  series  1  the  C-layer  thickness  was  varied  by  changing 
the  spray  time. 

In  series  2  the  P-layer  slurry  was  applied  directly  onto  the 
electrolyte  pellets  for  two  samples,  K310  and  K311.  The 
slurry  was  made  as  follows:  TZ8Y  powder  was  calcined  at 
1500  °C  for  4  h  and  ball-milled  until  a  mean  particle  diameter 
of  approximately  23  fxm  was  achieved  (measured  by  light 
scattering  with  Malvern  Mastersizer  equipment) .  The  P-layer 
was  then  sprayed  onto  the  electrolyte  surface,  the  C-layer  was 
sprayed  on  the  P-layer  and  the  two  layers  were  co-sintered. 
Two  other  samples,  K3I9  and  K320,  were  made  as  refer¬ 
ences.  They  were  intended  to  be  as  identical  as  possible  to 
K3 10  and  K31 1  but  without  the  P-layer. 

The  C-layer  consisted  of  equal  amounts  (by  weight)  of 
(Lao75Sro.25)o9Mn03  (nominal  composition)  and  Tosoh 
TZ3Y  (Zr02  with  3  mol%  Y203).  TZ3Y,  in  preference  to 
TZ8Y,  has  under  similar  conditions  proved  to  be  advanta¬ 
geous  [  13].  As  shown  in  Table  1  the  LSM  powder  used  for 
the  C-layer  was  treated  differently  for  the  two  series  of  sam¬ 
ples.  In  series  1  the  LSM  was  a  mixture  of  powder  heat- 
treated  at  600  °C  and  calcined  at  1300  °C.  The  purpose  of 
adding  powder  calcined  at  a  high  temperature  was  to  lower 
the  overall  sinterability  of  the  powder  and  to  introduce  larger 
grains.  LSM  with  high  sinterability  (heat  treated  at  600  °C) 
was  used  in  series  2  to  ensure  adhesion  of  both  the  P-layer 
and  the  C-layer  onto  the  electrolyte.  In  both  C-layer  slurries 
the  YSZ  powder  was  uncalcined. 

Fig.  2  shows  the  particle  size  distributions  of  the  C-slunies 
prior  to  spraying.  The  particle  size  distributions  were  meas¬ 


Fig.  2.  Particle  size  distribution  in  the  C-sluiry  for  series  1  and  series  2 
measured  by  light  scattering.  (See  text  for  details  on  slurry  composition.) 


ured  by  light  scattering  and  found  to  be  bi-modal  for  both 
slurries.  The  slurry  used  for  series  2  contained  a  large  fraction 
of  relatively  small  particles  (mean  particle  size  0.4  p.m) .  This 
fraction  decreased  when  a  part  of  the  powder  was  calcined  at 
a  high  temperature  (series  1 ). 

2.2.  Electrochemical  characterisation 

Four  electrochemical  cells  were  placed  in  a  furnace  and 
measurements  were  performed  on  one  cell  at  a  time.  The 
samples  were  tested  at  three  temperatures,  700, 850  and  1000 
0C.  The  test  atmosphere  was  air.  Chrono-anrserometry  meas¬ 
urements  and  impedance  spectroscopy  measurements  were 
performed  using  a  Solartron  1 286  potentiostat  and  a  Solartron 
1250  frequency  response  analyser. 

Impedance  measurements  were  taken  at  open-circuit  volt¬ 
age  (OCV)  and,  while  keeping  the  potential  constant,  after 
each  chrono-amperometjy  measurement.  Impedance  data 
was  typically  obtained  in  the  65  kHz-1  mHz  frequency  range 
with  an  applied  amplitude  of  20  mV.  A  typical  impedance 
plot  is  shown  in  Fig.  3.  The  series  resistance,  /?„  originating 
from  the  electrolyte  is  determined  by  the  intercept  of  the  real 
axis  at  high  frequencies.  Rp  of  the  working  electrode  is  the 
difference  between  the  intercept  with  the  real  axis  at  low  and 
high  frequency,  respectively.  In  practice  /?s  and  Rp  were  cal¬ 
culated  by  curve  fitting  with  the  computer  program  EQIVCT 
114]. 

In  the  chrono-amperometry  measurements  the  current  was 
measured  at  a  constant  potential  over  a  15  min  period.  In 


Fig.  3.  Impedance  plot  obtained  with  an  LSM-YSZ  composite  electrode 
( K31 1 ).  The  series  resistance,  ind  the  area  specific  polarisation  resis¬ 
tance,  Rp,  are  indicated.  Measuring  conditions:  OCV.  liOOO  °C.  and  air. 
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some  cases,  steady-stale  conditions  were  not  fully  obtained 
after  this  time  period.  However,  all  data  were  taken  after  15 
min.  Chrono-amperometry  measurements  were  performed  at 
four  different  applied  potentials,  E,  for  each  sample.  The 
cathodic  overvoltages,  t|,  were  calculated  using  Eq.  (2): 

ij-E-ffi,  (2) 

where  i  is  the  measured  current  density.  In  Fig.  4  examples 
of  the  obtained  data  are  plotted  after  correction  for  ohmic 
losses.  The  lines  are  second-degree  polynomials  fit  to  the 
experimental  data.  From  the  second-degree  polynomial  the 
d.c.  current  at  -  50  mV  overvoltage  was  determined  and  the 
area  specific  polarisation  resistance  calculated.  At  1000  °C  it 
was  necessary  to  extrapolate  the  t-t|  characteristics.  At  this 
temperature  the  maximum  applied  potential  was  -  300  mV, 
corresponding  to  cathodic  overvoltages  between  25  and  50 
mV.  Higher  potentials  were  not  applied  to  the  sample  due  to 
the  risk  that  the  high  current  would  cause  localised  heating. 

2.3.  Characterisation  of  structures 

The  electrochemical  cells  were  embedded  in  epoxy  resin 
before  being  cut  and  polished  in  order  to  prepare  samples,  to 


Fig.  4.  Mi  characteristics  obtained  in  air  at  700  °C.  The  curves  are  second- 
degree  polynomials  fit  to  the  experimental  values. 


Fig.  5.  Area  specific  polarisation  resistance,  Rp.  determined  in  air  at  700  °C 
plotted  as  a  function  of  the  C-layer  thickness. 


be  examined  by  scanning  electron  microscopy  (SEM),  with¬ 
out  damaging  the  structures.  The  C-layer  thickness  was  deter¬ 
mined  using  a  computer  program  called  PCImage.  The 
standard  deviations  on  the  thickness  measurements  of  2-3 
pm  and  4-1 1  pm  were  0.5-1  pm  and  1-2  pm,  respectively. 
Generalisations  about  the  electrode  structure  were  made  by 
inspecting  10  to  12  micrographs  taken  at  random  locations 
on  each  sample. 


3.  Results  and  discussion 

3. 1.  Series  /,  effect  of  thickness 

Figs.  5-7  show  Rp  as  a  function  of  the  C-layer  thickness  at 
different  temperatures.  The  measurements  obtained  at  -  50 
mV  are  d.c.  measurements  while  those  at  OCV  are  impedance 
measurements.  In  the  thickness  range  investigated,  Rp 
decreases  as  the  thickness  increases.  This  implies  some  level 
of  percolation  in  both  the  LSM  and  the  YSZ  for  cathodes 
with  a  thickness  up  to  11  pm.  It  is  unlikely  that  all  existing 


Fig.  6.  Area  specific  polarisation  resistance,  Rp.  determined  in  air  at  850  °C 
plotted  as  a  function  of  the  C-layer  thickness. 


Fig.  7.  Area  specific  polarisation  resistance.  tfp,  determined  in  air  at  1000  °C 
plotted  as  a  function  of  the  C-layer  thickness. 
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TPB  are  active,  due  to  limited  percolation  in  one  or  more 
phases. 

Looking  at  the  absolute  values  in  Figs.  5-7,  the  sensivity 
of  Rp  changes  in  the  thickness  of  the  layer  was  the  highest  at 
700  and  the  lowest  at  1000  °C.  The  data  at  1000  °C  (Fig.  7) 
were  determined  from  extrapolation  of  the  i-i\  characteristics. 
This  may  influence  the  accuracy,  but  does  not  explain  the 
observed  trend. 

7116  relation  between  performance  and  temperature 
observed  with  d.c.  measurements  was  confirmed  by  a.c. 
measurements.  At  low  temperatures  (700  and  850  °C)  a 
majority  of  the  impedance  plots  could  be  described  by  one 


(b)  T  (Qcm2) 


Fig.  8.  Examples  of  impedance  plots  measured  at  OCV  in  air  at  varying 
temperatures,  sample  K3 17:  (a)  700  °C;  (b)  850 °C.  and  (c)  1000 °C.  Data 
points  at  10~2, 1, 102  and  104  Hz  are  accentuated. 


dominant  arc.  However,  what  seems  to  be  one  dominant  arc 
could  actually  be  a  number  of  overlapping  arcs  with  similar 
lime  constants.  At  1000  °C,  four  out  of  six  impedance  meas¬ 
urements  were  composed  of  two  distinct  arcs.  Examples  of 
the  differences  between  impedance  plots  measured  at  varying 
temperatures  are  given  in  Fig.  8{a)-(c) .  It  is  uncertain  what 
causes  the  presence  of  two  distinct  arcs  in  some  impedance 
spectra.  So  far,  no  correlation  between  the  number  of  arcs 
and  the  electrode  thickness  was  found. 

The  apparent  activation  energy  was  not  constant  in  the 
temperature  range  investigated,  see  Fig.  9.  This  may  be  due 
to  the  cathode  reaction  rate  being  limited  by  two  or  more 
reaction  steps  with  different  activation  energies.  The  bulk  of 
the  electrochemical  reaction  might,  therefore,  not  take  place 
in  the  same  volume  fraction  of  the  electrode  at  all  tempera¬ 
tures,  (see  Section  3.3.1.).  Furthermore,  it  is  likely  that  the 
reaction  zone  along  the  active  TPB  is  not  the  same  al  all 
measuring  conditions  [  15] .  The  reaction  zone  is  believed  to 
expand  into  a  broader  band  as  the  temperature  increases. 

The  structural  analysis  by  means  of  SEM  revealed  several 
trends.  The  micrographs  in  Fig.  10  and  the  following  figures 
were  obtained  with  backscattered  electrons,  i.e.  the  LSM 
phase  looks  brighter  than  the  YSZ  phase.  The  C-layers  were 
generally  dense  and  the  porosity  was  not  uniformly  distrib¬ 
uted,  as  illustrated  in  Fig.  10.  A  high  fraction  of  the  porosity 
was  located  between  the  C-layer  and  either  the  electrolyte  or 
the  CCC-layer.  The  amount  of  porosity  tended  to  increase 
with  the  C-layer  thickness.  Adhesion  of  the  C-layer  to  the 
electrolyte  was  extensive  (Fig.  10). 

Fig.  1 1  shows  the  C-layer  being  most  similar  to  the 
expected  ideal  structure.  Besides  good  electrochemical  prop¬ 
erties  this  sample  had:  (i)  good  adhesion  to  both  the  electro¬ 
lyte  and  the  CCC-layer;  (ii)  some  percolation  of  LSM 
through  the  YSZ  matrix,  and  (iii)  porosity  throughout  the  C- 
layer.  An  even  higher  porosity  and  a  more  uniform  pore  size 
distribution  is  expected  to  be  preferable  in  ensuring  percola¬ 
tion  of  gas  through  the  C-layer,  which  could  help  to  increase 
the  active  TPB  length. 


103  /  T  (Kl) 


Fig.  9.  Arrhenius  plots  obtained  at  -50  mV  overvoltage  in  air.  sene.  I.  A 
reference  line  with  a  slope  corresponding  to  an  activation  energy  of  —  2  eV 
is  shown  for  comparison. 
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Fig.  10.  SEM  micrograph  showing  a  cross  section  of  sample  Kjl6  (series 
1). 


Fig.  II.  SEM  micrograph  showing  a  cross  section  of  sample  K3I8  (series 
1). 


The  results  are  comparable  with  data  obtained  by  Kenjo 
and  Nishiya  [  7  ] .  They  measured  an  area  specific  polarisation 
resi  stance  of  0. 1 6  (1  cm 2  for  a  LSM-Y  SZ  composite  electrode 
with  equal  amounts  (by  weight)  of  the  two  materials  at  900 
°C  in  air.  The  results  obtained  for  sample  K3 1 8  correspond 
to  an  Rp  of  approximately  0.22  ii  cm2  at  900  °C  in  air  ( inter¬ 
polated  in  Fig.  9).  Also  the  effect  of  varying  the  thickness 
seems  to  be  similar.  Kenjo  and  Nishiya  [7]  painted  and 
pressed  iso-statically  the  green  electrode.  The  electrodes  ir 
the  present  work  were  made  by  spray-coating,  an  easy  tech¬ 
nique  to  scale  up  and  commercialise.  This  indicates  that  it  is 
possible  to  manufacture  electrodes  with  a  good  performance 
by  industrial  application  methods. 

3.2.  Series  2,  effect  of  P -layer 

The  results  of  series  2  are  shown  in  Table  2.  Application 
of  a  P-layer  improves  the  performance  at  the  lowest  temper¬ 
atures  tested  (700  and  850  °C).  The  observed  effect  cannot 
be  explained  by  variations  in  the  C- layer  thickness,  since  the 
relationship  between  thickness  and  Rp  was  reversed  in  series 
2  (Table  2).  This  is  interpreted  as  the  P-laycr  had  a  significant 
effect  on  Rp.  As  observed  in  series  1  the  performance  of  series 
2  was  less  dependent  on  the  C- layer  structure  at  1000  °C  than 


at  lower  temperatures.  Comparing  cathodes  of  similar  thick¬ 
ness  without  a  P-layer,  cathodes  prepared  from  partially  pre¬ 
calcined  LSM  (series  1 1  have  the  lower  Rp  values  (Figs  5- 
7).  Thus,  the  sintering  activity  of  LSM  affects  the 
performance. 

Arrhenius  plots  for  the  samples  of  series  2,  given  in  Fig.  1 2, 
show  the  same  trend  as  observed  for  series  1 . 

The  a.c.  measurements  showed  the  same  tendencies  as  the 
d.c.  measurements.  In  the  impedance  plots  one  dominant  arc 
was  observed  at  700  and  850  °C.  Fig.  13  shows  impedance 
plots  obtained  at  OCV  and  1000  °C  for  the  samples  in  series 
2.  Two  distinct  arcs  were  observed  for  samples  with  a  P-layer 
while  samples  without  a  P-laycr  showed  only  one  dominant 
arc.  The  origin  of  the  second  arc  has  not  yet  been  fully  inves¬ 
tigated,  but  it  suggests  the  rate  limiting  steps  at  1000  °C 
depends  on  the  microstructure. 

For  investigations  of  the  structure,  using  SEM,  two  sintered 
TZ8Y  tapes  were  sprayed  with  a  P-layer  (Fig.  14).  One  of 
the  samples  was  additionally  sprayed  with  a  C-layer 
(Fig.  15).  As  shown  in  Fig.  14,  the  P-layer  was  inhomoge¬ 
neous  in  thickness  and  particle  size  distribution.  However, 
the  largest  particles  were  distributed  in  a  mono-layer.  This  is 
preferable  to  a  multi-layer,  since  a  thin  layer  has  a  lower 
ohmic  resistivity  for  ionic  conduction  through  the  P-layer. 

Table  2 

Results  obtained  for  the  samples  of  scries  2  with  or  without  a  P-layer.  The 
measuring  conditions  are  -  50  mV  overvoltage  in  air.  Each  number  is  an 
average  of  two  values.  Values  at  1000  °C  are  determined  by  extrapolation 
of  the  i-t|  characteristics 


Sample 

Temperature 

(°C) 

C-layer  thickness 
(pm) 

ftp  (  -50  mV) 
(ft  cm2) 

With  P-layer 

704 

3.6 

12 

Without  P-laycr 

5.8 

27 

With  P-layer 

850 

3.6 

0.6 

Without  P-layer 

5.8 

0.9 

With  P-layer 

1000 

3.6 

0.12 

Without  P-layer 

5.8 

0.14 

Fig.  12.  Arrhenius  plots  obtained  at  -  50  mV  overvoltage  in  air.  series  2.  A 
reference  line  with  a  slope  corresponding  to  an  activation  energy  of  —  2  eV 
is  shown  for  comparison. 
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Fig.  13.  Impedance  plots  measured  at  OCV  and  1000  °C  on  samples  with 
and  without  a  P-layer  (K310-K3N  and  K319-K320,  respectively).  The 
data  ore  ^-corrected.  Data  points  at  I  and  Iff1  Hz  are  accentuated. 


Fig.  14.  SEM  micrograph  showing  a  TZ8Y-tape  with  a  sprayed  and  sinteret 
P-Iaver. 


Fig.  15.  SEM  micrograph  showing  a  TZ8Y-tape  with  a  sprayed  and  sintered 
P-layer  and  C-layer. 


Cracks  were  formed  on  the  sample  surface  after  the  C-layer 
was  sprayed  and  sintered  (Fig.  15).  The  cracks  are  believed 
to  originate  through  a  combination  of  contractions  while  dry¬ 
ing  the  electrode  and  shrinkage  while  firing.  The  C-layer 
appeared  dense  in  certain  areas,  i.e.  the  porosity  was  inhom- 
ogeneously  distributed. 

In  addition  to  the  above-described  structural  examinations 
of  samples  mounted  on  tapes,  the  electrodes  electrochemi¬ 


cally  investigated  were  also  examined  by  SEM.  The  C-layer 
was  most  porous  in  samples  with  a  P-layer,  see  Figs.  16  and 
17.  Additionally,  the  adhesion  between  the  C-layer  and  the 
P-layer  was  good,  but  the  number  of  contact  points  between 
the  P-layer  and  the  electrolyte  was  limited  (Fig.  16).  This 
increased  the  series  resistance,  but  did  not  influence  the  polar¬ 
isation  resistance. 

In  the  C-layer,  YSZ  tends  to  enclose  the  LSM  particles 
(Fig.  17) .  Consequently,  percolation  through  YSZ  in  the  C- 
layer  is  more  likely  to  occur  than  percolation  through  LSM. 
'Therefore,  the  density  of  active  TPB  is  assumed  to  be  rela¬ 
tively  high  near  the  interface  between  the  C-layer  and  the 
CCC-byer.  On  samples  with  a  P-layer,  the  C-layer  was 
broken  into  smaller  islands  rather  than  distributed  in  a  con¬ 
tinuous  layer  ( Fig.  16) .  This  formation  of  islands  is  expected 
to  increase  the  contact  area  between  the  C-layer  and  theCCC- 
layer.  The  increased  contact  area  in  combination  with  the 
high  density  of  TPB  at  the  interface  may  explain  the  improve¬ 
ment  in  performance  observed  at  700  and  850  °C  by  appli¬ 
cation  of  a  P-layer. 

The  application  of  a  P-layer  did  not  improve  the  perform¬ 
ance  at  1000  °C  as  observed  at  lower  temperature.  As  dis¬ 
cussed  for  series  1,  this  might  be  a  consequence  of  an 
expansion  of  the  reaction  zone  at  high  temperatures. 


Fig.  16.  SEM  micrograph  showing  a  cross  section  of  an  electrode  with  a 
P-layer  (K311,  series  2). 


Fig.  17.  SEM  micrograph  showing  a  cross  section  of  an  electrode  without  a 
P-layer  ( K320,  series  2). 
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3.3.  Models 

Two  simple  models  are  used  in  order  to  estimate  (i)  the 
theoretical,  active  electrode  thickness  assuming  percolation 
in  the  three  phases  through  the  C-layer  and  (ii)  the  potential 
for  the  improvement  in  the  electrode  structure.  The  models 
are  based  on  the  assumption  tha  the  performance  of  a  com¬ 
posite  cathode  correlates  directly  to  the  active  TPB  and 
depends  mainly  upon  the  TPB  density,  percolation  and  series 
resistance  in  the  composite. 

3.3.1.  Model  1 

The  model  displayed  in  Fig.  18  is  used  to  estimate  the 
active  thickness  of  a  composite  cathode  limited  by  ohmic 
resistance  in  the  YSZ  fraction.  A  YSZ  cylinder  stretches  from 
the  electrolyte  surface  through  the  composite  electrode  to  the 
current  collecting  layer.  In  the  model  the  contact  points 
between  the  cylinder  and  the  LSM  grains  create  active  TPB 
throughout  the  composite  structure.  The  active  thickness,  /, 
of  the  composite  structure  is  defined  as  the  distance  from  the 
electrolyte  where  the  polarisation  resistance  of  one  micro¬ 
meter  electrode,  R'p,  equals  the  ionic  resistance,  RMn,  in  the 
YSZ  cylinder,  i.e.: 

o) 

The  resistances  in  Eq.  (3)  arc  defined  as  follows: 

R  (4) 

A 


I2r| 


Fig.  19.  Simple  model  illustrating  the  density  of  the  triple  phase  boundary 
in  an  ordered  composite  consisting  of  a  monolayer  of  particles. 

°C  the  model  yields  an  active  thickness,  r,  of  15  pm.  This  is 
in  good  agreement  with  experimental  findings. 

Estimating  t  at  different  temperatures,  the  apparent  acti¬ 
vation  energies  of  -0.8  eV  for  RY Sz,spec  [181  and  —2  eV 
for  Rp^pcC  [15]  arc  considered  appropiiatc.  Using  15  pm  at 
1000  °C  as  a  reference  value,  the  active  thickness,  t,  is  60  pm 
at  850  3C  and  400  pm  at  700  °C,  respectively. 

The  measured  Rp  values  are  apparently  constant  for  C- 
layer  thicknesses  above  10  pm  (Figs.  5-7).  Compared  with 
the  calculations  above  this  was  not  expected  at  700  and  850 
°C.  One  reason  for  this  behaviour  might  be  a  lack  of  electron 
and  gas  percolation  paths  through  the  entire  C-layer  thick¬ 
ness.  Consequently,  parameters  other  than  ionic  resistance  in 
the  YSZ  phase  could  be  a  limiting  factor. 

The  observed  insensitivity  to  structural  changes  at  1000  °C 
compared  with  lower  temperatures  could,  according  to  Eq. 
(6),  be  related  to  changes  in  the  ratio  between  /?pspcc  and 
^Ysz.spcc  with  temperature,  due  to  different  activation  ener¬ 
gies.  Thus,  the  experimental  findings  may  be  qualitatively 
explained  by  a  change  in  active  thickness. 


(5) 

*-TPB 

where  RY SZspcc  ls  the  specific  resistance  of  YSZ,  A  is  the 
cross-sectional  area  of  the  cylinder,  /?pspcc  is  the  line-length 
specific  reaction  resistance  of  the  TPB  (ft  cm)  and  PB  is 
the  length  of  active  TPB  in  l  pm  of  the  electrode.  Eqs.  (4) 
and  (5)  can  be  combined  through  Eq.  (3),  yielding  the  fol¬ 
lowing  expression  for  t: 

t  -  R^A  -  (6) 

^YSZ,spcc^TPB 

A  cylinder  diameter,  2 r,  of  2  pm  and  a  i^PB  of  Trr  pm  are 
estimated  from  the  micrographs.  The  value  flpspcc=l50 
fl  cm  is  a  rough  estimate  taken  from  Juhl  el  al.  [  16],  This 
value  was  measured  with  a  point  electrode,  where  the  oxygen 
reduction  reaction  is  assumed  to  occur  along  the  perimeter  of 
the  contact  area.  Using  an  /?ysz.SPcc  of  10  fl  cm  [  17]  at  1000 


3.3.2.  Model  2 

A  theoretical  Ljpg  in  a  mono- layer  is  calculated  in  order 
to  evaluate  the  performance  which  may  be  achieved  for  a 
composite  cathode.  An  ideal-ordered  mono-layer  consisting 
of  LSM  and  YSZ  ( ratio  1 : 1 )  is  sketched  in  Fig.  19.  A  mono¬ 
layer  with  spheres  of  2  pm  is  assumed  to  have  5/2  contacts 
per  sphere,  each  with  an  ideal  TPB  length  of  2  pm,  giving  an 
Lx pB  of  1.25  X  104  cm/cm2  for  the  mono-layer.  Using  this 
value  in  Eq.  ( 5)  and  maintaining  /?pipcc  yields  an  area  specific 
polarisation  resistance,  Rp,  of  0.01  fl  cm2  at  1000  °C  for  the 
2  pm  mono-layer.  Comparing  this  value  to  the  best  LSM- 
YSZ  composite  cathodes  having  Rp  values  of  0. 1-0. 14  ft  cm2 
for  3-6  pm  thickness  at  1000  °C  indicates  a  considerable 
potential  for  improving  performance  by  controlling  the 
structure. 


4.  Conclusions 


Current  collection 
Electrode  material 
YSZ  cylinder 
Active  TPB 
YSZ  electrolyte 


Fig.  18.  Simple  model  illustrating  ihc  limitation  of  the  active  thickness  of  a 
composite  electrode  by  resistance  in  a  YSZ  cylinder. 


At  low  temperatures  (700  and  850  °C)  increasing  the  layer 
thickness  of  a  composite  cathode  had  a  positive  effect  on  the 
electrode  performance  in  the  range  of  thicknesses  investi¬ 
gated.  This  implies  that  the  bulk  of  the  LSM-YSZ  composite 
cathode  is  active  with  respect  to  the  oxygen  reduction  reac¬ 
tion.  At  1000  °C  the  polarisation  resistance  was  less  sensitive 
to  variations  in  thickness  than  at  lower  temperature. 
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The  application  of  a  porous  layer  of  YSZ  particles  between 
the  electrolyte  and  the  composite  cathode  decreased  the  polar¬ 
isation  resistance  at  700  and  850  °C,  whereas  no  significant 
effect  was  observed  at  1000  °C.  The  particle  layer  is  believed 
to  have  extended  the  active  triple  phase  boundary  length 
locally  at  the  interface  between  the  composite  cathode  and 
the  LSM  current  collecting  layer. 

The  results  suggest  that  with  the  materials  and  application 
method  used,  the  largest  potential  for  performance  improve¬ 
ment  by  controlling  the  microstructure  and  thickness  lies  at 
temperatures  well  below  1000  °C.  Thus,  these  results  can  be 
utilised  in  relation  to  lowering  the  operation  temperature  of 
SOFCs. 

Two  simple  models  to  estimate  the  theoretical  active  thick¬ 
ness  and  the  minimal  obtainable  polarisation  resistance  have 
been  used.  Although  the  two  proposed  models  arc  simplified, 
they  point  out  the  potential  in  optitr  sation  of  the  electrode 
structure  and  thickness.  The  key  to  considerable  improve¬ 
ment  of  the  microstructuie  is  to  obtain  a  uniform  blend  of  the 
three  phases  in  the  C-layer  (LSM,  YSZ  and  pores),  leading 
to  percolation  of  electrons,  oxide  ions  and  gas  through  the  C- 
layer,  since  this  will  extend  the  active  triple  phase  boundary 
line.  Both  the  experimental  and  the  theoretical  part  of  the 
present  work  implies  that  large  improvements  in  performance 
of  composite  electrodes  are  within  reach. 
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